Coupling of plasmonic nanoparticles to their environments in the context of van der 

Waals-Casimir interactions 



U. Hakanson0M. Agio, S. KuhnQ L. Rogobete, T. Kalkbrenner^ and V. Sandoghdai[§] 

Laboratory of Physical Chemistry, ETH Zurich, 8093 Zurich, Switzerland 

We present experiments in which the interaction of a single gold nanoparticle with glass substrates 
or with another gold particle can be tuned by in-situ control of their separations using scanning 
probe technology. We record the plasmon resonances of the coupled systems as a function of the 
polarization of the incident field and the particle position. The distinct spectral changes of the 
scattered light from the particle pair are in good agreement with the outcome of finite difference 
time-domain (FDTD) calculations. We believe our experimental technique holds promise for the 
investigation of the van der Waals-Casimir type interactions between nanoscopic neutral bodies. 
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INTRODUCTION 



II. A GOLD NANOPARTICLE AS A MODEL 
DIPOLAR ANTENNA 



The recent progress in nanotechnology has introduced 
an immediate need for the optimal design of miniatur- 
ized devices and therefore a better understanding and ex- 
ploitation of the interactions between nanoparticles and 
surfaces [1 j. In some applications such as mechanical 
actuation, the main concern is about forces among the 
nanoscopic components of the system [2]. In some other 
cases, for example in optical sensing and imaging, the ra- 
diation pattern, absorption, emission or scattering spec- 
tra of nano-objects are at the center of attention [3j 0]. 
For a number of reasons, metallic nanostructures have 
played an increasingly important role in these develop- 
ments. Aside from their electric conductivity, nanoparti- 
cles made of noble metals can be chemically and photo- 
physically very stable. Moreover, they provide interest- 
ing optical features such as spectral selectivity and the 
possibility of enhancing optical fields via their plasmon 
resonances. In this article, we present experimental re- 
sults on the controlled study of the optical interaction be- 
tween a single gold nanoparticle and dielectric surfaces as 
well as the coupling between two individual gold nanopar- 
ticles. We discuss our measurements in the context of the 
van der Waals-Casimir (vdW-C) interactions and point 
out the potential of our experimental system for investi- 
gating the interplay between the classical and quantum 
mechanical phenomena related to vdW-C interactions. 
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The scattering properties of nanoparticles can be cal- 
culated in terms of multipoles by using the theory devel- 
oped by G. Mie [5]. If a spherical particle has a diameter 
D that is much smaller than the wavelength A m of the 
incident light in the medium surrounding the particle, it 
can be treated as a dipole with a polarizability [6] 
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where e p (A) and e m are the dielectric constants of the 
particle and its surrounding medium respectively, and A 
is the vacuum wavelength. If the material conditions are 
such that the denominator has a minimum at a certain 
wavelength, the polarizability and therefore the scatter- 
ing cross section are enhanced. This can take place for 
metallic nanoparticles, leading to localized plasmon res- 
onances [7] . The scattering cross section of a subwave- 
length particle is given by 
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It turns out that a gold nanoparticle placed in air or 
in a low index dielectric material such as glass shows a 
resonance in the visible domain (see Fig. [lji). However, 
plasmon spectra can be varied by changing the size, shape 
and the dielectric functions of the medium surrounding 
the particle [6j [7] . 

Gold nanospheres of diameter 50 to about 100 nm are 
in the regime where the dynamical effects become impor- 
tant and the observed plasmon resonance begins to devi- 
ate from that predicted by the simple formula in Eq. ([!]) . 
Nevertheless, it has been shown that the plasmon spectra 
of such particles can be reproduced very well if one takes 
into account radiation damping and dynamic depolariza- 
tion to arrive at an effective dipolar polarizability given 
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FIG. 1: (a) Plasmon spectrum of a gold nanoparticle (D — 
100 nm) in air (e m = 1) computed using Mie theory (blue line) 
and the effective polarizability of Eq. ([3} (red dashed line), 
(b) and (c) represent the amplitude of the scattered electric 
field calculated using Mie theory in the near and far fields, 
respectively. The illumination was a plane wave propagating 
along z and polarized along the ^-direction. The yellow disks 
depict the nanoparticle to scale. 



by 



a(X) 1 



C*eff(A) 



7r 2 e n 



27re n 



a{\) 



.47r 2 e 3 / 2 



(3) 



a(A) 



Figure [T^i shows that the far-field scattering cross section 
calculated according to Mie theory (blue) agrees quite 
well with that evaluated by using a e ff (dashed red). The 
contribution of higher multipoles is negligible in the far 
field, but it could amount to up to 10% of the dipolar one 
in the near field. This deviation becomes more important 
for larger particles or higher values of e m . 

It follows that the electric field lines of the light scat- 
tered by the nanoparticle trace a dipolar radiation pat- 
tern. Figures (TJd and c display the strength of the scat- 
tered electric field in the near and far fields of the particle, 
respectively. Thus, gold nanospheres smaller than about 
100 nm in diameter can be treated as subwavelength clas- 
sical dipolar antennae |9j [10] . 

The dipolar character of a gold nanoparticle makes it 
an ideal approximation to a point-like oscillator, which 
has been a very useful conceptual construct for relat- 
ing the classical and quantum mechanical features of an 
atom [ITJ ITS] • Here, the plasmon resonance plays the 
roles of the transition between the ground and the ex- 
cited states. The Rayleigh-like scattering replaces spon- 



taneous emission [13 whereby the particle polarizability 
and hence its scattering cross section a provide a measure 
for the strength of this process. Furthermore, absorption 
in a gold particle mimics a nonradiative decay channel 
in an atom [14]. Thus, one could expect that optical in- 
teractions that influence the spectrum of an atom would 
have an analog in the context of plasmon resonances of 
small gold particles. 

Of particular interest to the topic of this article is 
that the plasmon spectrum of a gold nanoparticle can be 
broadened in a medium of higher dielectric constant [7] , 
similar to the change of the atomic fluorescence decay 
rate in a dielectric medium [15]. Interestingly, a quick 
examination of the expression in Eq. ([2| shows that as in 
the case of the Einstein A coefficient, the rate of scatter- 
ing obtained according to Ii nc a/huj is proportional to uj 3 
and to the square of the dipole moment via a 2 . In fact, 
we recently showed in Ref. |13| that Rayleigh scattering 
can be also modified if the density of states are manip- 
ulated, for example by a high-Q cavity. To this end, 
one could expect that the plasmon spectrum be modified 
close to an interface, as was discussed by A. Sommer- 
feld for a classical dipolar antenna p~6j[l7l[T8] and by F. 
London for a quantum mechanical atom [19]. In the lat- 
ter case, the fluctuating quantum mechanical dipole mo- 
ment of the atomic ground state is assumed to undergo 
an instantaneous interaction with its image in the nearby 
mirror. London also showed that the origin of the van 
der Waals interaction between two atoms is their dipole- 
dipole interaction [20]. Thus, similarly there should be a 
corresponding van der Waals interaction between a pair 
of gold nanoparticles. 

In this article, we explore such effects by studying the 
modifications of the plasmon resonances from nanopar- 
ticles under controlled conditions. A systematic experi- 
mental investigation of the interaction between an oscil- 
lating dipole and its surrounding requires a change of its 
position with an accuracy well beyond X/2tt where A is 
the dipole oscillation wavelength. This has been explored 
in atomic physics experiments [21, 22 , 23 , but neither at 
the single atom level, nor with nanometer precision. Here 
we show that both of these issues can be addressed using 
nanoparticles in the condensed phase. 



III. EXPERIMENTAL APPROACH 

Figure [2^i displays the basic setup for recording the 
plasmon spectrum using an inverted optical microscope. 
A white light source is used to illuminate the sample 
in total internal reflection using an immersion oil mi- 
croscope objective. By proper masking of the incident 
white light beam [24 and using a polarizer, we select 
a well-defined direction and polarization of illumination. 
The scattering from the particle is collected by the same 
microscope objective, passed through a confocal pinhole 
(not shown) and directed to a spectrometer. Figure [2]o 
shows an experimentally recorded plasmon spectrum of 
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FIG. 2: a) White light from a Xe lamp is illuminated onto a 
gold nanoparticle in the total internal reflection mode. The 
scattered light from the particle is collected and sent to a 
spectrometer. A scanning probe stage can move a second 
object in the immediate vicinity of the particle, b) A typical 
scattering spectrum collected from a single gold nanoparticle 
on a glass substrate. 



a single gold nanoparticle of diameter 100 nm on a glass 
substrate. 

A home-built scanning near-field optical microscope 
(SNOM) and a piezo-electric stage are used to move a 
second object attached to a fiber tip in the immediate 
vicinity of a gold nanoparticle. The shear- force mech- 
anism [25] allows us to control the separation between 
this object and the gold particle. To do this, the tip is 
vibrated parallel to the substrate. When the tip comes 
close to the surface, it experiences a lateral force that 
dampens its oscillation amplitude. By monitoring this 
change, the tip can be kept at a constant gap from 
other objects. Depending on the material of the tip and 
the substrate, the tip geometry, and the applied oscilla- 
tion amplitude, the range of the shear-force interaction 
can be different from a few to a few tens of nanome- 
ters [25]. More details about the setup can be found in 
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IV. THE INTERACTION BETWEEN A GOLD 
NANOPARTICLE AND TWO DIELECTRIC 
MIRRORS 

In this section, we examine the interaction of a sin- 
gle gold nanoparticle placed on a glass substrate with a 
movable glass mirror, as depicted in the inset of Fig. [3] 
To prepare the sample, we spin coated gold nanoparticles 
of diameter 100 nm (British Biocell International) on a 
glass cover slide with a dilute coverage of the order of 
one particle per 10 \irrx 1 . The incident light could be ad- 
justed to have a p or s polarization. A pinhole is placed 
in the detection path in order to reduce the background 
scattering and collect the signal from a very small region 
of the order of one micrometer. For the movable mirror, 
we used a microsphere of diameter 60 jim melted at the 
end of an optical fiber [14]. The fiber was mounted in 
the SNOM stage so that the microsphere surface could 
be approached to the gold nanoparticle with nanometer 
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FIG. 3: The peak wavelength of the plasmon resonance of a 
gold nanoparticle placed on a glass substrate as a function of 
the displacement of a second slightly curved glass surface, as 
sketched in the inset. The green curve shows the prediction 
of an analytical calculation for a point-dipole. The red curve 
takes into account an interference artefact discussed in the 
text. 



precision. Given that we investigate very small separa- 
tions of the order of one micrometer, in what follows we 
approximate this slightly curved surface by a flat mirror. 

Determining a shift or broadening of the plasmon res- 
onance can be a subtle task because the plasmon reso- 
nance is not symmetric and does not possess a simple 
line profile. To assign the resonance peak, we fitted each 
plasmon spectrum by using the dipolar approximation 
and an effective polarizability of Eq. (|3| , as described in 
Ref. HU Alternatively, we used the procedure in Ref. [27j 
Using both methods, we could determine the peak of the 
resonance with a resolution of about 0.5 nm. Next, by 
comparing the plasmon spectrum recorded in the pres- 
ence of the movable curved glass surface with that in its 
absence, a spectral shift was extracted for each position. 
The symbols in Fig. [3] show the shift of the plasmon reso- 
nance recorded at different surface-surface separations for 
p-polarized illumination. We see clearly that the plasmon 
resonance experiences a red shift with a steep gradient at 
close distances. This can be understood as the attractive 
near-field interaction of the plasmon oscillation and its 
instantaneous mirror image in the nearby surface. Such 
an energy shift has been previously reported for ensem- 
bles of metallic nanostructure [28j [29] , but to our knowl- 
edge this is the first report on the spectral shift of single 
particles. 

At larger separations, Fig. [3] reveals oscillations, again 
as expected from the theoretical work on the interaction 
between a classical dipole and a mirror [30 , 31 . These os- 
cillations have also been reported recently for ensembles 
of metallic nanostructures [29] , but their analysis requires 
a great deal of care. The oscillations seem to be irregu- 
lar and deviate from the theoretical values (green curve) 
obtained by considering the frequency shift of a classi- 
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cal dipole placed between two flat glass surfaces [32]. In 
these calculations a point-like dipole was fixed at a dis- 
tance of 50 nm (the radius of the gold nanoparticle) from 
a glass substrate and a second glass surface was scanned. 
We believe the cause of these deviations is a subtle inter- 
ference effect between the light scattered by the particle 
and other objects (e.g. the substrate) in its vicinity. In 
the particular case of the current experiment, the evanes- 
cent illumination can be scattered by the gold particle 
and subsequently reflected back into the detection path 
by the second curved surface in the vicinity. Since in 
these experiments the separations between the objects 
under consideration are very small, the background scat- 
tering is coherent with the light that is scattered from 
the nanoparticle of interest. It turns out that despite the 
use of a pinhole in detection, some of the background 
scattering reaches the detector and interferes with the 
field from the particle. As distances are changed, this 
interference gives rise to wavelength-dependent intensity 
modulations and skews the broad plasmon resonance by 
a small amount, thus causing a systematic error in the 
extracted resonance wavelength peak values. We have 
verified that this effect is stronger for the s-polarized il- 
lumination because this light is more efficiently scattered 
along the axis of the microscope objective. A detailed 
account of this effect can be found in the supplementary 
materials of Ref. [9] Our efforts to fully eliminate this sys- 
tematic effect have not been successful so far. However, 
this phenomenon can be crudely taken into account in 
the fit to the experimental data by allowing for a small 
sinusoidal function added to the theoretically calculated 
values. The outcome of such a fit is shown by the red 
curve in Fig. [3j The fact that the correction is no longer 
effective for larger distances might indicate that the back- 
ground scattering stems from more than one point. We 
emphasize, however, that this systematic problem is not 
of concern for near-field measurements. 

We note that the point-dipole model breaks down when 
a nanoparticle is closer than about a particle diameter. 
Nevertheless, the orders of magnitude and the general 
trend of the calculated modification of the plasmon res- 
onance seems to yield a good agreement with the exper- 
imental results discussed above and in Refs. [9j [14j In 
the next section, we discuss the interaction between two 
nanoparticles and compare our experimental data with 
the outcome of numerical simulations. 



V. THE INTERACTION OF TWO GOLD 
NANOPARTICLES 

In order to investigate the coupling of two gold 
nanoparticles in a well-defined manner, we have exploited 
scanning probe technology to control their relative posi- 
tions in- situ. One gold particle (Pti p ) is attached to the 
end of a glass fiber tip, following the preparation tech- 
nique that we have reported previously [26[ [33]. The 
second particle (P su b) is selected from a very low concen- 
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FIG. 4: (a) Measured scattering signal from the 100 nm 
gold particles on the tip (blue symbols) and on the substrate 
(green), respectively. The red curve shows the calculated 
spectrum for a 100 nm gold particle using Mie theory. Inset: 
schematics of the experimental arrangement, (b) Topographic 
image obtained when scanning the single particle probe across 
the particle fixed on the substrate. The white arrow indicates 
the electric field direction of the excitation light. Note that 
the particle appears larger because of the convolution with 
the finite size of the tip. (c) Cross sections along the solid 
and dashed lines in (b). 



tration of nanoparticles (diameter of 100 nm) spin coated 
on a glass substrate. The plasmon resonances of each 
particle can be recorded separately in the configuration 
shown in Fig. [2^i. 

The blue and green symbols in Fig. [4^i show the plas- 
mon spectra of P t ip an d P su b recorded independently, un- 
der s-polarized incident light. The two particles were 
chosen to have very similar plasmon spectra. Further- 
more, by examining these spectra as a function of the 
polarization of the excitation light, we verified that they 
were spherical [33]. The red trace in Fig. [4^ represents a 
calculated Mie spectrum for a 100 nm spherical particle 
using the tabulated dielectric function of gold [34] . In or- 
der to obtain the best agreement with the spectra of both 
Ptip and P su b? an effective refractive index of 1.18 for the 
surrounding medium was taken. Here, one has to bear in 
mind that the immediate environments of P t ip an d P su b 
(i.e. a glass tip and a glass substrate) are asymmetric, so 
that it is a nontrivial matter to define a dielectric function 
for the medium surrounding the nanoparticles. Neverthe- 
less, it has been previously shown that a weighted average 
of the dielectric constants of the various surrounding me- 
dia yields reasonably good agreement with experimental 



data [35j [36] . In what follows, the red curve in Fig. [4^ 
will be used as the basis for the theoretical modelling of 
the particle-particle interaction. 

After determining the optical properties of the two 
particles individually, we set out to study the interac- 
tion between them. The drawing in Fig. |4^i shows the 
schematics of the experimental arrangement. Using the 
SNOM stage, we can position both the tip and the sam- 
ple with nanometer accuracy. Furthermore, shear force 
tip-sample distance control allows for combined topo- 
graphic and optical studies. Figure [4}d shows the mea- 
sured topography of P su b as P t ip was scanned across it, 
and Fig. ^Sp displays the cross sections corresponding to 
the two cuts parallel and perpendicular to the polariza- 
tion of the illumination. At each scan pixel of 25 nm, 
we trigger the spectrometer and record the scattering 
spectra of the two gold nanoparticles. Figures [5^i and 
b show selections of spectra from the first halves of the 
scans marked by cross sections shown in Fig. ^p. In an 
intuitive picture where each particle acts as an induced 
electric dipole moment directed along the incident field 
polarization, these two series explore the dipole-dipole 
interaction for the head-to-tail and side-by-side configu- 
rations, respectively [37 | l38 l 139]. 

Let us first concentrate on the case of Fig. [5^i. As the 
two particles are brought closer from the large separation 
of d = 550 nm, the pair spectrum becomes broader and 
is shifted to the longer weavelength. Here the parameter 
d denotes the projection of the center-to-center particle 
separation onto the substrate. This was extracted from 
the topographic information recorded simultaneously to 
the optical spectra, taking into account a vertical offset 
of 15 nm due to the shear force interaction length be- 
tween tip and substrate [25]. At d ~ 125nm the spectral 
shift amounts to a maximum of about 60 nm. As the tip 
is scanned further in shear-force control, P t ip is lifted up- 
ward, resulting in a narrower and blue-shifted spectrum. 
When P t ip is above P su b (i.e. d = 0), the spectrum has 
become even narrower than the starting point, and its 
center wavelength is shifted to a lower wavelength by 
about 15 nm. 

To compare our findings with theoretical expectations, 
we have performed Finite-Difference Time-Domain (FD- 
TD) calculations of the total scattering cross section of 
two spherical particles with diameters of 100 nm [40)[4T]. 
We treat the dielectric function of gold using a Drude- 
Lorentz model [42]. The space discretization has a step 
size of 2 nm, which has been shown to be small enough to 
obtain results with 5% accuracy. [41] To ensure that the 
scattered light exits the computational volume without 
reflections, we used Convolutional-Perfectly-Matched- 
Layers (CPML) absorbing boundary conditions [43]. The 
calculations took into account the experimentally mea- 
sured trajectory of the moving particle extracted from 
the topography information (see Fig. |4|. For positions 
where the tip is lifted from the substrate, the effective 
refractive index of the surrounding media had to be re- 
duced to 1.1 (corresponding to a 6% decrease) in order to 
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FIG. 5: Series of spectra acquired for the particle pair with 
polarization of the exciting field in (a) parallel to the parti- 
cle pair axis and in (b) orthogonal to the particle pair axis. 
The spectra have been normalized and shifted in intensity for 
clarity. Calculated scattering spectra for the situations shown 
as red lines. The paremeter d denotes the projection of the 
center-to-center particle separation onto the substrate plane. 
The dashed vertical lines mark the plasmon resonance peaks 
for d large and d = 0. 



obtain a good agreement with the experimental results. 
We note that consideration of an effective index for the 
glass- air interface is common also when using fully ana- 
lytical Mie theory [7]. 

The agreement between the measured and the calcu- 
lated spectra in Fig. [5^i are generally very good aside 
from the region about d ~ 125 nm. At such small sep- 
arations the plasmon resonance is very sensitive to the 
exact distance between the particles. To display this 
sensitivity to position, in Fig. [6] we compare the experi- 
mental spectra for d = 125 nm with five calculated plas- 
mon spectra in which d is varied between 130 nm and 
110 nm. We see that changing the particle distance by 
merely 20 nm shifts the peak of the plasmon spectrum 
more than 40 nm. Indeed, it is this sensitivity to dis- 
placements that constitutes the core idea of the recently 
proposed "plasmon rulers." [44j [45] During the analysis 
of these resu lts, we have realized that the tip oscillations 
(see section III) were excited too strongly in these ex- 
periments. We have verified this hypothesis by a direct 
measurement of the tip oscillation amplitude under the 
same experimental conditions. 

Figure [T^i summarizes our results from the configura- 
tion depicted in Fig. [5^,. The experimental (blue) and 
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FIG. 6: A comparison between experimental and calculated 
spectra for close distances. The blue trace displays the mea- 
sured scattering signal for the particle pair with a nominal 
d = 125 nm. Red curves show the calculated spectra for dis- 
tances from 130 nm to 110 nm in steps of 5 nm (in direction 
of the arrow). 



theoretical (red) peak wavelengths are plotted as a func- 
tion of the tip position together with the corresponding 
topography cross section. For large d, Ptip and P su b lie 
along the incident electric field. As d is decreased, we ob- 
serve a shift of the resonance to the longer wavelengths, 
corresponding to an attractive interaction expected for 
the induced particle dipoles in a head-to-tail orienta- 
tion. This red shift is also accompanied by a broaden- 
ing, which can be attributed to a stronger radiative de- 
cay of the coupled system. Although the system of two 
100 nm particles no longer behaves as a pure dipolar radi- 
ator, the simple picture of two dipoles adding up to yield 
one larger dipole provides the correct intuition. As P t ip 
mounts P su b, the dipole arrangement quickly changes to 
a side-by-side configuration, and the interaction becomes 
strongly repulsive. For d = 0, the plasmon resonance of 
the coupled system is blue shifted by about 15 nm with 
respect to the non-interacting spectra. All these trends 
are recovered by the FDTD calculations. Moreover, the 
theoretical results predict a very small blue shift of the 
spectrum in the region 500 > d > 300 due to oscillation 
that stem from the retarded interaction energy between 
two dipoles [39] . Our experimental data do not show this 
behavior. However, here one has to remember that the 
small deviations between the plasmon resonances of the 
individual particles (see Fig.[4i) are not negligible at this 
level of comparison between theory and experiment. 

The situation for the configuration of Fig. [5}d is pre- 
sented in Fig. [7]3 and is quite different. In comparison 
to the case of Fig. [7^, the interaction is weaker. Here 
the polarization is perpendicular to the axis joining the 
particles so that the relative orientation of the dipoles 
in the two nanoparticles does not change during the en- 
tire scan. As the particles approach each other, there is 
a shift towards lower wavelengths, signifying a repulsive 
force. Again, the theoretical calculations show the same 
trend. The difference between the measured and theoret- 
ical peak positions at small distances stems from a lack of 
perfect agreement between the recorded and calculated 
lineshapes shown in Fig. [5b. 
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FIG. 7: (a) Black circles display the cross section of the mea- 
sured topography for a scan along the lower half of the solid 
line in Fig. (4j). Blue squares and red triangles display re- 
spectively the maximum peak position of the corresponding 
measured and calculated spectra shown in|5^L. In (b) the to- 
pography and the peak positions correspond to a scan along 
the left half of the dashed line in [4)3. 



Next, we remark on the widths of the plasmon res- 
onances. Again, aside from the separations around d ~ 
125 nm, the agreement between the experimental and the 
FDTD results are quite good. We find that in Fig.[5^i the 
attractive coupling between the two particles is always 
accompanied by a spectral broadening. An intuitive in- 
terpretation of this result is that at close distances the 
head-to-tail arrangement gives rise to a total dipole mo- 
ment that is larger than that of each particle. As a result, 
the system can radiate more strongly. The strong fields 
between the particles in this arrangement are also re- 
sponsible for the large enhancements obtained in surface 
enhanced spectroscopy. [46] Nevertheless, we emphasize 
that the simple picture of dipole-dipole coupling breaks 
down when the particles are very close to each other, 
and the contribution of multipoles should be taken into 
account [47] . 

By changing the interparticle distance and the orien- 
tation of the pair relative to the polarization of the exci- 
tation, the plasmon spectrum of the coupled system has 
been tuned by about 70 nm. On the one hand, this shows 
the feasibility of the recent proposal for using the distance 
dependent modification of plasmon resonances as a mea- 
sure for separation [44]. On the other hand, the data in 
Figs. [5] and [7] emphasize that great care must be taken 
when extracting distance information because changes of 
the polarization in relation to the particle pair axis has a 
dramatic effect on the interaction. Moreover, variations 
in the dielectric functions of the immediate surrounding 
could strongly affect the scattering spectra. [9] 
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VI. DISCUSSION 

Modification of plasmon resonances of close lying par- 
ticles have been studied previously using various ap- 
proaches. Most commonly, researchers have examined 
ensembles of particles that have been nanofabricated 
or chemically produced HQ [55] \M M US GS3 EQ. 
To remedy the inevitable inhomogeneities of prefabri- 
cated systems, optical trapping of a single pair of sil- 
ver particles [52 and directed assembly of silver and gold 
dimers[44] have been also attempted. Our experimental 
approach has the great advantage that a single nanopar- 
ticle can be positioned with nanometer accuracy. In ad- 
dition, our system allows one to explore the analogy be- 
tween the modifications of plasmon resonances and vdW- 
C interactions. 

Shortly after London's quantum mechanical descrip- 
tion of the van der Waals interactions p~9j [20] , Casimir 
and Polder showed that a treatment based on quantized 
electromagnetic fields introduces corrections to the Lon- 
don model [55] . In the case of an atom in front of a mir- 
ror, the vacuum field experiences boundary conditions 
and the local density of states are altered, leading to the 
modification of the energy levels and of the atomic flu- 
orescence lifetime. The functional forms of the vdW-C 
interactions turn out to be different for the ground and 
excited states. At short atom-surface distances d « A, 
the interaction between the atom and the surface can 
be considered as quasi-instantaneous so that both the 
ground and the excited states experience a 1 /d 3 decrease 
in energy. At larger distances, retardation takes effect 
and the ground state energy drops as l/d 4 whereas the 
excited state undergoes oscillatory changes in the en- 
ergy and decay rate [12] [18] [31] [54]. A similar situa- 
tion takes place if the interaction between two atoms is 
considered [55] . In a physical picture, the atoms are po- 
larized by the fluctuating vacuum fields at all possible 
frequencies, k- vectors and polarizations. When the sepa- 
rations are much smaller than a transition wavelength, 
the induced dipole moments in the atoms are quasi- 
instantaneous so that their interaction can be treated as 
an electrostatic dipole-dipole coupling, yielding a l/d 6 
interaction energy [20]. For atoms placed at large sep- 
arations, the finite speed of light leads to an effective 
dephasing of the dipole moments, changing the distance 
dependence of the energy from l/d 6 to l/d 7 . The above- 
mentioned interactions establish the fundament of the 
forces between neutral bodies. 

Interestingly, many of the features of the vdW-C in- 
teractions of excited atoms can be described by consid- 
ering an atom as a "point-like" classical dipolar antenna 
that interacts with its own radiated field after reflection 
from the boundaries [30 . However, the classical pic- 
ture does not match the quantum electrodynamic cal- 
culations fully. For example, it has been shown that the 
excited state energy of the atom cannot be described by 
a classical dipole near and far from the mirror simulta- 
neously [31] [55] . This observation and the fact that the 



stability and energy shift of the ground state cannot be 
described by classical models have raised many interest- 
ing discussions regarding the role of quantum electrody- 
namics in the interaction of neutral bodies [56] . It would 
be thus intriguing to realize systems where the similari- 
ties and differences between a classical point-like dipole 
and a quantum mechanical atom can be studied experi- 
mentally. 

Subwavelength gold nanoparticles might provide a 
promising system for this purpose. On the one hand, 
such particles (diameter larger than about 10 nm) are 
much larger than single atoms so that one can use the 
dielectric function of bulk gold and classical electromag- 
netic methods to describe their optical properties. In this 
regard, they can be seen as the miniaturized versions of 
neutral bodies that have been commonly used for study- 
ing vdW-C forces [57] [58] [59] . On the other hand, they 
can be considered to be point-like since they are much 
smaller than a wavelength. The plasmon resonance of a 
gold nanoparticle lets it act as a classical dipolar antenna 
whose radiation behaves like that of an atomic excited 
state. At the same time, a nanoparticle is similar to the 
ground state of a quantum mechanical atom in the sense 
that it does not emit light and is radiatively stable. 

Modification of the plasmon spectra of gold nanopar- 
ticles in the near field of an interface has been verified 
experimentally [9] [14] [28] [29] and has been described us- 
ing classical models. Recently a few publications have 
viewed such interactions in the light of vdW-Casimir 
forces [6Q1 [61] [62] . Although the plasmon spectra can be 
determined by solving classical Maxwell equations, one 
can formulate these interactions also in the common lan- 
guage of cavity quantum electrodynamics. In this pic- 
ture, the vacuum field excites plasmon oscillations in the 
gold nanoparticle much as in the case of a ground state 
atom. If external boundary conditions are present, the 
density of states are modified, leading to the change of the 
plasmon spectrum. A similar point of view has been also 
discussed regarding the role of the surface plasmons in 
the attraction of metallic mirrors [63]. Thus, by compar- 
ing the near- and far-field modifications of the plasmon 
spectra and by treating the plasmon oscillations quantum 
mechanically, one might be able to bridge the quantum 
world of atoms and the classical realm of dipolar anten- 
nae. 

Although it might be tempting to establish a direct 
link between the plasmon resonance shifts summarized in 
Fig.[7]and the vdW-C interaction energies for the coupled 
particle system, one has to remember that our measure- 
ments have recorded spectra for particular directions of 
illumination and polarizations. However, calculations of 
the vdW-C interaction energy should take into account 
contributions of vacuum fluctuations at all wavelengths, 
polarizations and k-vectors. Nevertheless, given that the 
"response" of the system is the same for excitations by 
virtual and real photons, it might be possible to extrap- 
olate the laboratory measurements to infer the vdW-C 
interaction energy. Such theoretical considerations go 
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beyond the scope of our current work, but very recent 
advances in calculation of Casimir forces [64 might be 
able to investigate such matters. 

It is also instructive to consider the orders of magni- 
tudes of the forces involved. The largest measured gra- 
dient of the energy-distance curves in Fig. [T^i amounts 
to AX/Az ~ 30 nm/25 nm which corresponds to a 
force of ~ 0.5 pN. We estimate the smallest force that 
is detectable with our signal-to-noise ratio to be a few 
tens of fN, which is nearly two orders of magnitude 
smaller than the sensitivity of the recent force experi- 
ments [2(58]. Investigation of the vdW-C interactions of 
metallic nanoparticles via spectroscopy could have sev- 
eral advantages over direct force measurements. In par- 
ticular, one would be less sensitive to residual effects such 
as electrostatic forces. Moreover, the optical constants of 
the particles under study could be measured in-situ [65] . 

From an experimental point of view, the controlled 
laboratory measurements of the vdW-C interactions and 
comparisons with theory remain not only challenging for 
atoms and macroscopic objects, but also for nanopar- 
ticles. First, the interactions are weak except at very 
small separations. Second, they are strongly distance de- 
pendent so that nanometer distance control is required. 
Third, the geometrical and material features of the ob- 
jects play an important role and are not always well de- 
fined. In order to address these experimental issues and 
realize a well-defined and controllable system, we have 
followed a simple strategy to place a single nanoparti- 
cle at the end of a sharp glass fiber tip and have used 
scanning probe technology to place it in nanoscopic con- 
fined geometries [9j [10] [14j [26] . This approach has been 
very fruitful and has been also pursued by other groups 
[66j [671 EH] fc> r performing controlled measurements with 
individual nanoparticles. 

VII. CONCLUSION 

We have studied the weak interaction between a well 
characterized single nanoparticle and a macroscopic di- 



electric mirror or a second gold nanoparticle. Both red 
and blue shifts of the plasmon spectrum as well as its 
broadening and narrowing were observed. Several as- 
pects of these experiments were not ideal and could be 
improved for more precise measurements. In the first ex- 
periment, residual reflections that can interfere with the 
light scattered by the particles should be minimized [9]. 
In the latter experiment, more care should be given to 
maintaining a minimal oscillation of the tip to avoid 
broadening of the spectra. It would be particularly in- 
teresting to perform this experiment in immersion oil to 
eliminate the influence of the glass substrate and the tip. 

We have discussed our measurements in the context 
of the van der Waals-Casimir interactions between neu- 
tral bodies. Both theoretical and experimental reports 
in the literature have typically considered two extreme 
cases of vdW-C interactions where the objects are ei- 
ther single atoms and molecules or they are macroscopic 
bodies with dimensions larger than a few micrometers. 
Scanning probe manipulation and spectroscopy of very 
small gold nanoparticles could allow access to an inter- 
mediate regime. Mounting a nanoparticle at the end of 
an AFM tip would also provide the possibility of simulta- 
neously measuring the force and spectral modifications. 
In particular, such spectroscopic studies could be easily 
extended to metallic particles of the order of 5 nm in 
diameter [65] [69] , which bridge the quantum mechanical 
and classical regimes. 

Finally, our experiments could be considered as the in- 
situ realization of a tunable optical nanoantenna [70] [71] . 
We have recently shown that a pair of gold nanoparticles 
can act as a very efficient antenna system for enhancing 
the spontaneous emission of an emitter placed in their 
gap [72]. Given that the performance of such devices 
requires an extremely high accuracy in the relative co- 
ordinates and orientation of both the emitter and the 
nanoparticles, a tunable setup [10] will be of great ad- 
vantage. 
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